High-frequency reversible changes in colony morphology were observed in three strains of Cryptococcus neoformans. For one strain (SB4, serotype A), this process produced three colony types: smooth (S), wrinkled (W), and serrated (C). The frequency of switching between colony types varied for the individual colony transitions and was as high as 10 ؊3 . Mice infected with colony type W died faster than those infected with other colony types. The rat inf lammatory response to infection with colony types S, W, and C was C > S > W and ranged from intense granulomatous inf lammation with caseous necrosis for infection with type C to minimal inf lammation for infection with type W. Infection with the various colony types was associated with different antibody responses to cryptococcal proteins in rats. Analysis of cellular characteristics revealed differences between the three colony types. High-frequency changes in colony morphology were also observed in two additional strains of C. neoformans. For one strain (24067A, serotype D) the switching occurred between smooth and wrinkled colonies. For the other strain (J32A, serotype A), the switching occurred between mucoid and nonmucoid colonies. The findings indicate that C. neoformans undergoes phenotypic switching and that this process can affect virulence and host inf lammatory and immune responses. Phenotypic switching may play a role in the ability of this fungus to escape host defenses and establish chronic infections.
The fungus Cryptococcus neoformans (CN) causes lifethreatening infections in both immunocompromised and immunocompetent hosts (1) . Cryptococcosis occurs in 6-8% of patients with advanced HIV infection (2) . Patients with AIDS who survive cryptococcosis require lifetime suppressive therapy to prevent recurrence of disease (3) . Hence, CN has a marked propensity to cause chronic infection, especially in individuals with impaired immunity. However, even in normal individuals, the infection can be chronic and a state of latency with subsequent reactivation may occur (4) . CN infections elicit a wide range of inflammatory responses ranging from granuloma formation to the virtual absence of inflammation. Although some differences in inflammatory response are due to the immunological status of the host, there is great variability in the types of inflammation described in both immunocompetent and immunocompromised individuals (5) . The mechanism by which CN evades host inflammatory responses and establishes chronic infections is poorly understood.
CN strains can undergo phenotypic variation after in vitro or in vivo passage. Comparison of the capsular polysaccharide of initial and relapse isolates from patients has shown differences in glucuronoxylomannan (GXM) structure for several strains, including SB4, which was used in this study (6) . Mouse passage resulted in stable alterations in cell-membrane sterol content (7) . Serial CN isolates from patients exhibited differences in virulence for mice (8) . Analysis of isolates of a standard laboratory strain maintained in various laboratories revealed significant differences in capsule size, melanin production, growth rates, and virulence for mice (9) .
The mechanisms responsible for these effects are not understood. Phenotypic variation can result from many different processes including phenotypic switching, a mechanism by which some microorganisms undergo reversible changes. Phenotypic switching differs from acquired mutations in that it is a reversible and occurs at a much higher frequency than the expected mutation rate. Phenotypic switching has been described for several ascomycetes including Candida albicans, Blastomyces dermatitidis, and Saccharomyces cerevisiae (10) (11) (12) . Among the pathogenic fungi, phenotypic switching has been extensively studied for C. albicans, where it produces colony types that differ in biochemical characteristics and susceptibility to antifungal drugs (13) (14) (15) (16) .
In this study, we report phenotypic switching in three strains of CN. Phenotypic switching in CN may contribute to the remarkable variability of strains and to the protean inflammatory reactions associated with cryptococcosis and assist the organism in evading the host immune response. irradiation can increase switching frequencies in C. albicans (21) . For UV irradiation, single colonies of each SB4 colony type were lifted from SDA plates, grown overnight at 30°C in Sabouraud's dextrose broth, suspended in PBS (5 ϫ 10 4 cells per ml), irradiated at 254 nm and 20,000 J͞cm 2 in a Stratolinker (Stratagene) and spread on SDA. Colony morphology was examined after 3 and 4 days of incubation at 30°C. The survival of cells after irradiation was Ͼ90% relative to nonirradiated controls.
Capsule Size. The distance from the cell wall to the outer margin of the capsule and the cell diameter (not including the capsule) were measured in a suspension of india ink, by microscopic examination at ϫ100 using an eyepiece grid with a resolution of 0.5 m.
Scanning Electron Microscopy (SEM). SEM was performed on cells grown to stationary phase in Sabouraud's dextrose broth at 30°C with a Jeol-6400 microscope (Jeol, Peabody, MA) as described (22) .
Growth Rates. Doubling times were determined by both increases in turbidity and colony-forming units (CFU) as described (9) . The doubling time during logarithmic-phase growth was calculated with the equation n ϭ n o e at , where n is the number of cells, n o is the number of cells initially, a is the slope, and t is the time.
Antifungal Susceptibility. Amphotericin B (Boehringer Mannheim), fluconazole (Roering-Pfizer, New York), and 5-flurocytosine (Sigma) minimal inhibitory concentrations for SB4 colony types were determined by the macrodilution method (23) .
Resistance to Heat and Cold. Cells from each SB4 colony type were grown for 2 days at 30°C, suspended in PBS at 5 ϫ 10 3 cells per ml, and either frozen overnight at Ϫ20°C or heated to 50°C for 5 min. The suspension was then plated on SDA (n ϭ 4) and incubated for 72 h at 30°C to calculate the survival fraction relative to a control cell suspension.
Murine Experimentation. A͞J mice, (National Cancer Institute, Bethesda, MD), were infected with 1 ϫ 10 6 cells from each SB4 colony type by tail-vein injection (eight mice per group). Mortality was recorded daily.
Rat Experimentation. Male Fischer rats from the National Cancer Institute (six rats per group) were infected with 4 ϫ 10 6 cells from each SB4 colony type by endotracheal inoculation (24) . For some rats, dexamethasone-21 phosphate (Sigma) (1.5 mg͞liter) was added to the drinking water 7 days later. Rats were killed at day 29-30 of infection by injection of pentobarbital (Anpro Pharmaceutical: Arcadia, CA.). The right lung was fixed in formalin and processed for histopathological studies. Immunohistochemistry for GXM, the major component of the CN capsule, was performed as described (24) . The left lung was homogenized in PBS and used for CFU determinations (24) .
Protein Extracts and Western Blot Analysis. CN protein extracts were prepared by a modification of the method described of Hazen and Cutler (25) . To enhance cell lysis, specimens were sonicated for two 30-sec intervals with a Sonicator Ultrasonic Processor XL (Misonix, Farmingdale, NY). Approximately 150 g of protein extract from each colony type was separated in 7.5% SDS͞polyacrylamide denaturing gels and transferred to nitrocellulose membranes. Membranes were blocked with 5% dry milk in 0.1% Tween-20 in Tris-buffered saline and incubated with rat serum (1:750 dilution). Goat anti-rat IgG-alkaline phosphatase was used as a secondary antibody, and color was developed by using 5-bromo-4-chloro-3-indolyl phosphate (Sigma).
Statistical Analysis. The Student t test was used to compare capsule size, average survival fractions after heat and cold exposure, and log-transformed fungal burdens. Mouse survival times were compared by using two-tailed log rank analysis. P values less than 0.05 were considered significant.
RESULTS
A C. neoformans Strain Produces Three Colony Types. Strain SB4 expressed three colony types, smooth (S), wrinkled (W), and serrated (C) when cultured on SDA at 30°C (Fig. 1 ). S colonies were round with a smooth dome surface and smooth edges. W colonies had an irregular dome surface with serrated margins. C colonies had a smooth dome and serrated margins. The phenotypes were stable at 30°C after passage in vitro. Sectored colonies composed of wrinkled and smooth regions were noted (Fig. 1) . Expression of colony type W was dependent on temperature and nutritional conditions. Colony type W was observed when cells from colony type W were grown at 18°C or 30°C on SDA. At 37°C, cells from colony type W produced smooth and round colonies that were consistently larger and more mucoid (i.e., shiny and moist) than colony types S and C. Colony type W was not observed on other rich medium (malt extract or yeast nitrogen base agar) or on defined agar at 30°C.
DNA typing confirmed that all SB4 colony types were the same strain. CNRE-1 restriction fragment length polymorphisms and electrophoretic karyotype are highly discriminatory DNA typing methods for CN (23, 24) . Karyotype analysis of colony types W, S, and C were done on three occasions with different sets of W, S, and C colonies. In two experiments, cells from colony types W, S, and C had indistinguishable karyotypes (data not shown). In the third experiment, a karyotype difference was observed for cells from colony type W that involved two changes in high molecular weight chromosomes (data not shown). Cells from an S revertant colony on a W background did not show any karyotype changes. CNRE-1 restriction fragment length polymorphisms for cells of colony types W, S, and C were the same (data not shown).
Switching Frequencies Between Colony Types. Switching between the various colony types occurred at definable frequencies (Fig. 2) . The highest frequency of switching between colony types, occurred for W 3 S, C 3 S, and W 3 C, transitions, each on the order of 10 Ϫ3 to 10
Ϫ4
. Colony type S was least likely to produce colonies of the other types. No W colony type and only one C colony type was observed when 1.2 ϫ 10 5 S organisms were examined in 419 plates with 200-300 colonies per plate. Switching frequency determinations were done twice with similar results. Despite the low frequency of S 3 W conversions, rare S 3 W colony type revertants were observed during the course of experimentation. UV irradiation increased the frequency of switching between colony types (Fig. 2) .
Colony Type Characteristics. Cells from colony type W had larger capsules than cells from colony type C or S. The average cell diameter (not including the capsule) of cells from colony type W was smaller than cells from colony type S (Table 1) . Scanning electron microscopic examination revealed differences in the polysaccharide capsule between the various phenotypes (Fig. 3) . Capsular polysaccharide connections between budding organisms were more prominent for cells from colony type W compared with cells from colony type S or C. In addition, cells from colony type W clumped more than cells from colony types S and C. Cells from colony types C and W were less susceptible to killing after exposure to temperatures of Ϫ20°C overnight and 50°C for 5 min (Table 1) . Other colony type characteristics are listed in Table 1 .
Animal Studies. Mice infected i.v. with cells from colony type C lived significantly longer than mice infected with cells from colony types W and S (Table 1) .
In rats given intratracheal infection with cells from colony types W, S, and C, the lung fungal burden average (CFU͞g; mean Ϯ 1 SD) at day 30 was 7.29 Ϯ 0.06, 6.29 Ϯ 0.63, and 4.42 Ϯ 0.92, respectively (P values for S versus C and W versus C were 0.044 and 0.006, respectively). Dexamethasone treatment was used to reduce the rat immune response and establish whether all colony types had similar virulence in the setting of immunosuppression. The average lung fungal burdens (CFU͞g; mean Ϯ 1 SD) for dexamethasone treated rats infected with cells from W, S, and C colonies were 7.24 Ϯ 0.21, 6.94 Ϯ 0.13 and 7.36 Ϯ 0.01, respectively (P values for S versus C and W versus C were 0.39 and 0.1, respectively). The morphology of most colonies isolated from lung homogenates resembled the morphology of the colony type used to infect the animals. For dexamethasone-treated rats infected with cells from colony type C, occasional colony types W and S were isolated from lung homogenates.
There were major differences in the type and intensity of inflammatory responses of immunocompetent rats infected with cells from the various colony types (Fig. 3) . Infection with colony type W elicited minimal inflammatory response with little granuloma formation or perivascular cuffing. Most cryptococci were found in large extracellular collections in peribronchiolar areas and inside alveoli. Infection with colony type S elicited occasional granulomas and larger amounts of perivascular cuffing. These granulomas consisted of mature epithelioid cells surrounded by lymphocytes without necrosis. Cryptococci were found in both extracellular collections and inside epithelioid cells. Infection with colony type C resulted in extensive granuloma formation with caseating necrosis, polymorphonuclear leukocyte infiltration, and fibrosis. Most cryptococci were inside epithelioid cells or in areas of caseation.
The distribution of GXM in the rat lung varied significantly depending on the colony type ( Fig. 3 and Table 1 ). In rats infected with colony type C, GXM immunoreactivity was localized to epithelioid cells within granulomas, whereas in rats infected with colony type W, GXM immunoreactivity was localized primarily to extracellular clusters of organisms. In rats infected with colony type S, GXM was localized to epithelioid cells, macrophages, and extracellular clusters of organisms.
The antibody responses to cryptococcal proteins differed for rats infected with cells from the different colony types. Infection with colony type C elicited the most intense antibody response to cryptococcal proteins, whereas infection with colony type S elicited an intermediate response and infection with colony type W elicited little or no response (Fig. 4 Capsule size is expressed as average capsule radius mean Ϯ 1 SD: (n ϭ 40-50) was determined by light microscopy (P value for S versus W is Ͻ0.001: P value for C versus S is 0.28). Cell size is average cell diameter (mean Ϯ 1 SD; n ϭ 40-50, not including the capsule) was determined by light microscopy (P value for S versus W is Ͻ0.001: P value for C versus W is 0.05). Susceptibility to amphotericin, fluconazole, or 5-fluorocytosine (5-FL) was determined by National Committee for Clinical Laboratory Standards macrodilution method. Survival fraction after overnight exposure to Ϫ20°relative to untreated controls represents the average of four experiments P value for S versus W is 0.025; P value for S versus C is 0.049). Survival fraction after exposure to 50°C for 5 min relative to untreated controls represents the average of three experiments (P value for S versus W is 0.09: P value for S versus C is 0.01). Mouse survival experiments were done twice with similar results (P value for C versus S is 0.002; P value for S versus W is 0.003). Inflammatory responses in rats 4 weeks after endotracheal inoculation are shown. Localization of cryptococcal polysaccharide in rat pulmonary model was determined by immunohistochemistry (E, extracellular; I, intracellular). For antibody responses, the molecular weights of major bands recognized by serum IgG in Western blot analysis are shown. Doubling times were determined by CFU experimentation. N, not detected; MIC, minimal inhibitory concentrations.
Experiments with Strains 24067A and J32A. Strain 24067A exhibited colony types S and W (Fig. 1) . Expression of colony type W was dependent on temperature and nutritional conditions. Colony type W was observed when cells from colony type W were grown on SDA at 30°C but not when cells were grown on defined medium plates or when cells were grown on SDA at 37°C. Sectored colonies composed of wrinkled and smooth regions were noted (Fig. 1) . Cells from colony type W grown at 30°C tended to clump when grown in Sabouraud's dextrose broth at 30°C, whereas cells from colony type S grew in suspension. Strain J32A exhibited two different colony types, mucoid and nonmucoid that differed slightly in color (data not shown). Switching between colony types of 24067A and J32A occurred at defined frequencies similar to those found for the SB4 strain (Fig. 2) . For both 24067A and J32A, rare additional colony types were also noted, but switching to those colony types was not systematically investigated.
DISCUSSION
Variation in the morphology of CN colonies has been anecdotally described in the literature. In 1950, Benham (26) described variation within individual colonies that resulted in colony sectoring. Drouhet and Couteau (27) in 1951 described three forms of sectored colonies, including mucoid rough-and smooth-sectored colonies. In 1959, Littman (28) suggested that colony sectoring in CN is related to a subpopulation of cells within a colony that produce large capsules or pseudmoycelium. More recently, Granger et al. (29) isolated an avirulent CN clone from a sectored colony. This clone is thinly encapsulated and does not increase polysaccharide production in response to elevated CO 2 conditions. In the course of virulence studies, we noted that SB4 produced unusual colony types in SDA when a liquid culture was left inadvertently at room temperature for several weeks. We confirmed that all colonies belonged to one strain and demonstrated that the various colony types could undergo switching. A similar phenomenon was noted in strains 24067A and J32A. Each of these strains has previously been reported to undergo changes in phenotypic characteristics. Serial clinical isolates of SB4 and J32A had differences in polysaccharide structure and virulence in mice, respectively (6, 8) . Strain 24067 was reported to undergo microevolution in vitro resulting in subtypes that differed in: capsule size, growth, and virulence (9) . The observation of phenotypic switching in three genetically distinct CN strains that include two serotypes suggests that this phenomenon is a property of the species and extends this process to the Basidiomycota.
Wrinkled colonies were a prominent feature in the phenotypic switching of SB4 and 24067A. Colony wrinkling is probably unrelated to capsule size or cell size alone because these changes are unlikely to promote an irregular colony contour. Furthermore, it is well known and commonly accepted that strains that vary in capsule size produce smooth colony types. Cells from colony types W of both SB4 and 24067A were more adherent to adjacent cells and formed clumps, that could potentially affect cell packing and influence colony morphology. Although colony type W was not observed at 37°C, type W organisms passed in vivo (i.e., at 37°C) retained their ability to produce W colonies, suggesting that phenotypic changes produced by switching are present in the absence of the W colony morphology. Our results suggest that different strains of CN undergo different switching phenomena. In some strains, switching may be associated with readily apparent alterations in colony morphology such as the wrinkled colony type, whereas in others strains the signs of switching may be more subtle. In this regard, phenotypic switching in J32A produced colony types that differed only in mucoid appearance and subtle variation in colony color.
Phenotypic switching resulted in altered susceptibility of the various SB4 colony types to extreme temperatures. As a pathogen with an environmental reservoir, CN is likely to encounter many different conditions (30) . Phenotypic switching could provide a mechanism by which CN adapts to various environmental niches. This adaptability could be beneficial in facilitating transitions between environments, including those changes associated with the acquisition of human infection from nature.
The molecular basis for phenotypic switching in CN is not known. In other pathogens, phenotypic switching is mediated by a variety of mechanisms (31) . Rearrangement of repetitive DNA elements mediates phenotypic switching for some pathogens including, Haemophilus influenzae (32) . For SB4, no DNA rearrangements involving CNRE-1 were detected, however our experiments do not exclude the possibility of rearrangement of other repetitive sequences or small DNA elements as the basis of phenotypic switching in CN. Alternatively, phenotypic switching in CN could be mediated by an epigenetic process, involving silencing and altered chromatin structure. These systems can be very leaky and result in colony sectoring like we observed for SB4 and 24067A (33) .
Phenotypic switching has been associated with changes in virulence characteristics for certain pathogens. For C. albicans phenotypic switching produces colony types that differ in several important virulence traits, such as adherence to epithelial cells, production of proteinase, and susceptibility to neutrophil-mediated killing (34) (35) (36) . Invasive strains of C. albicans are more likely to undergo phenotypic switching than noninvasive isolates (37) . In our study, the three colony types of SB4 differed in virulence, as reflected by differences in lung fungal burden in rats and lethality for mice. The colony types that were the most virulent in mice elicited the least inflammation in rats. The mechanism responsible for the differences in inflammatory responses and virulence observed for the different colony types is not known. Administration of dexamethasone to rats infected with the various colony types abolished the differences in inflammatory response and tissue CFU without altering the colony types recovered from the lung. This implies that in immunocompetent rats the differ- Strong antibody responses may also aid the inflammatory response by producing antibodies that neutralize CN antigens that interfere with the host response. Rats infected with cells from colony type C recognize a CN antigen of ϳ87 kDa in the extract of cells from colony types S and W but not in the extract of cells from colony type C. This observation and the isolation of colony types W and S from rats infected with the C type is consistent with the hypothesis that phenotypic switching occurs in vivo.
In summary, we describe phenotypic switching in CN and relate this phenomenon to changes in virulence. Phenotypic switching could contribute to the differences in inflammatory responses described in clinical specimens. For CN infections, granulomatous inflammation has been consistently associated with control and clearance on infection. Our findings indicate that colony type is a variable in the type of inflammatory response and suggest that switching to colony types that elicit minimal inflammation may be a mechanism for persistence of infection.
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